Gas detection and mitigation systems play very important roles in modern process safety since they can reduce the potential damage caused by combustible and toxic gas leaks. To rapidly detect release events and minimize the hazard consequences, an efficient gas detection system depends on appropriate types, number, and placement of gas sensors. The optimal design of a gas detection system is challenging because significant uncertainty must be taken into consideration, such as gas compositions, leak locations, process conditions, and weather impactions. In the last decade, a variety of stochastic programming (SP) based approaches have been proposed to solve the sensor placement problems [1, 2, 5, 6].
The assumption of perfect sensors has been widely used in most of previous problem formulations. In reality, however, gas detectors are imperfect and subject to unpredictable failures, which may significantly impact the optimal placement. To improve the reliability of the design, therefore, it is necessary to explicitly consider sensor imperfection, which is measured in terms of unavailability, i.e., the probability of a false-negative detection. Inspired by the seminal work in water systems [4], Benavides-Serrano et al. [1, 3] proposed SP formulations for flammable gas detection and mitigation systems with unavailabilities.
As an extension of previous work, our stochastic programming formulation considers nonuniform unavailabilities. Whereas previous work considered only two backup levels (valid when unavailability is low), in our formulation, all backup detection levels are explicitly taken into account. The resulting sensor placement problem is formulated as a large-scale mixed-integer nonlinear programming (MINLP) problem. To solve this challenging MINLP problem to global optimality, we propose a multiple-tree method which depends on iteratively solving a sequence of upper-bounding master problems and lower-bounding subproblems. In this case, fortunately, provided with all binary decisions the subproblem is merely a simulation. The master problem, however, is a strictly convex relaxation of the original MINLP problem. To obtain a relatively tight and computationally efficient master problem, we first propose an equivalent logtransformation of the original MINLP formulation. Though new variables and constraints are introduced, this alternative formulation is mathematically preferable since all its nonlinearity comes from convex univariate terms. Based on this reformulation, we present a strictly convex relaxation by introducing linear outer approximations and tight upper bounding constraints. The resulting relaxation formulated as a mixed-integer linear programming (MILP) problem is used as the lower-bounding master problem. The proposed global solution strategy is tested on a number of real data problems and the encouraging numerical results indicate that our solution framework is promising in solving sensor placement problems.
